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Abstract 

Background 

Epilepsy is one of the most common chronic neurological disorders in the world, 

affecting more than 50 million people worldwide. The disorder is characterised by 

recurrent seizures, caused by excessive electrical discharges in the brain, which range 

from brief lapses of consciousness to full-blown convulsions. Epilepsy is additionally 

associated with a higher risk of mortality and co-morbidities and can be a huge burden 

on those affected. Current medical treatments are merely symptomatic and inadequate, 

as pharmacoresistant epilepsy is a serious issue. Epilepsy is considered a major health 

problem and can have a huge impact on the quality of life of a patient. There is hence a 

desperate need for new innovative therapies with better outcomes, and therapy that can 

actually prevent the development of the disorder or stop it from progressing. The 

process by which epilepsy develops, epileptogenesis, is not fully understood, but may be 

imperative in our quest for a better treatment.  

Aim 

One of the major obstacles in epilepsy research is the lack of available reliable and 

validated epilepsy models with new and different mechanisms, especially for models of 

epileptogenesis. The same few epilepsy models have been used as a mainstay to screen 

for antiepileptic drugs for several decades, and represent only a part of the mechanisms 

of epilespsy, having possibly hindered or slowed progress in the discovery of better 

therapeutic options. The aim is therefore to develop new models of epileptogenesis, in 

this case, by screening for compounds that can induce epilepsy in zebrafish.    

Method 

A list of selected drugs and natural products were simultaneously evaluated for toxic 

and seizure inducing effects simultaneously, as the maximum tolerated concentration 

(MTC) of the substances were determined. Zebrafish were exposed to the substances by 

24-hour immersion at 2 days post fertilisation (dpf). A selected number of substances 

that were most likely "epileptogenic" candidates based on observed seizure-like 

behaviour during toxicological evaluation were then selected for further analysis. 
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Automated locomotor activity tracking was performed on zebrafish as typical seizure-

like behaviour included hyperactive swimming that can be quantified using automated 

video tracking. Electrophysiological analysis was also performed with 

electroencephalography (EEG) to detect and record the electrical activity in the 

zebrafish brain, and then analysed by computer software to quantify epileptiform 

activity. EEG was performed on two consecutive days, day 4 and day 5 of larval 

development, for compounds testing positive, to determine if the effects were sustained 

(even after washout of the tested substances). Positive results of these tests indicated 

that the compounds induced epileptic seizures, and positive results of the two-day EEG 

demonstrated sustained seizures that could indicate a chronic effect.  

Results 

Zebrafish treated with valproate (VPA), 100 μM and 250 μM VPA, demonstrated 

significant epileptiform activity on both days, along with significantly increased 

locomotor activity for the lowest concentration. Seizure-like behaviours, including 

convulsions, uncoordinated and hyperactive swimming, were also demonstrated when 

they were observed daily for toxicological effects.   

Conclusion 

Our findings demonstrate that acute valproate treatment in 2-day old zebrafish larvae 

induced spontaneous recurrent seizures with epileptiform activity, and that the effect 

was sustained for at least two days after washout. Further analysis and studies are 

necessary to determine whether the effect in this novel valproate seizure model is 

chronic and to examine the validity of the model for antiepileptic drug development.  
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1 Introduction 

1.1 Epilepsy  

1.1.1 General introduction  

Epilepsy is a chronic neurologic disorder that affects approximately 50 million people 

worldwide. The disorder is one of the most common neurological conditions globally 

and is characterised by recurrent unprovoked seizures, which are caused by abnormal 

and excessive electrical discharges of cerebral neurons (WHO, 2017). People of all ages 

can be affected and patients are expected to require constant medication for a prolonged 

period of time. Advances have been made in both the diagnosis and treatment of 

epileptic seizures. However, the understanding of the cellular and molecular 

mechanisms by which it develops, epileptogenesis, is not completely understood and 

still shrouded in mystery (Chang  and Lowenstein 2003, WHO, 2017). 

 

1.1.2 Symptoms and manifestations of epilepsy 

Among the millions of people suffering from epilepsy up to 30% of the patients do not 

respond to conventional medical treatment (WHO, 2017). Epilepsy can be a debilitating 

disorder that can incapacitate the affected person suddenly without warning. The 

seizure episodes can range from brief lapses of attention, slight muscle jerks and 

involuntary movements, to loss of consciousness and full-blown convulsions (WHO, 

2017). The effect of an episode could render a person with absolutely no control over 

their body and/or cause unconsciousness, a frightening scenario for most. Consequently, 

going through what is considered everyday routine could be a source of fear for those 

suffering from this condition, being unaware of when an attack might subjugate them. 

Besides the apparent effect of epilepsy, e.g. seizures, the condition is associated with 
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numerous other co-morbidities, both psychological and physiological. Epilepsy patients 

are more prone to physical injuries due to fractures and bruising happening during 

seizures, and have a higher rate of psychological conditions, including depression and 

anxiety. The general risk of mortality is higher in epilepsy patients than the general 

population. This could partially be ascribed to the co-morbidities but also to the 

condition itself (WHO, 2017).   

 

1.1.3 Definition of epilepsy 

The term ''epilepsy'' is defined as having two or more unprovoked seizures, where the 

seizures are neither caused by other illnesses nor other circumstances (French  and 

Pedley 2008). Hence, about 10% of the world's population who experience only one 

seizure during their lifetime, would not be considered epileptic, and would not be 

diagnosed with epilepsy according to these terms(WHO, 2017). Despite popular belief, 

seizures do not necessarily indicate nor stem from having epilepsy. It could originate 

from other causes or be due to other conditions or illnesses. One such type of seizure is 

called non-epileptic, which means they are not caused by abnormal electrical activity in 

the brain, but occur due to other physiological or psychological causes (Devinsky et al., 

2011, Alsaadi and Marquez, 2005, Robert S. Fisher MD, 2016). The International League 

Against Epilepsy (ILAE) has opened up for the inclusion of special cases where risk of 

recurrence after a single unprovoked seizure is high in the clinical practical definition, 

and the definition of epilepsy is still being revised (Fisher et al., 2014). 

 

1.1.4 Diagnosis, detection and aetiology of Epilepsy 

Beside anamnesis, electroencephalogram (EEG) is a useful tool in the characterisation 

and diagnosis of epilepsy among a battery/number of other tests and methods 

including/i.e. neuroimaging (e.g. MRI, CT, PET), neuropsychological evaluation, physical 
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evaluation or laboratory tests (i.e. blood tests often to exclude other conditions) to 

pinpoint the condition or exclude other disorders or diseases (Browne  and Holmes 

2001). EEG detects electrical activity in the brain by means of electrodes placed on the 

patients head, and tracks and records the brain wave patterns which can then be used to 

evaluate brain activity (Chang  and Lowenstein 2003). The cause of most cases of 

epilepsy (60%) are unknown (primary or idiopathic epilepsy), and are believed to 

involve underlying genetic and hereditary causes. For the remaining cases, (secondary 

or symptomatic epilepsy), the causes are attributed to stroke, head trauma, alcohol 

(abuse, not withdrawal), neurodegenerative diseases, static encephalopathy, brain 

tumours or infections in the brain (WHO, 2017, Friedman and Devinsky, 2015).  

 

1.1.5 Social and professional impact 

One of the major issues of epilepsy is controlling the seizures, although for many, the 

social stigma and discrimination associated with the condition, are often harder to 

overcome (WHO, 2017). For those with epilepsy, along with the risk of premature death, 

reduced life expectancy and numerous co-morbidities, patitents also face many 

challenges in their work and social life, as they are ostracised from certain parts of 

society due to their condition. Having epilepsy may entail limited access to health-care 

services, reduced health and life insurance, limitations in obtaining driver´s licences, a 

barrier to enter certain professions, living self-sufficiently, and getting married and 

having children (Gaitatzis et al., 2004, WHO, 2017).  Epilepsy places a tremendous 

burden on the individuals, as well as their family and even society. Epilepsy is a chronic 

condition that requires constant regular check-ups, supervision and medical treatment, 

which takes a toll on the patient as well as the health care system. This chronic disease 

has therefore been recognised as a ''major public health concern'' by WHO (WHO, 2017).  
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1.1.6 Challenges and complications of Epilepsy 

medication 

Studies show that up to 70% of epilepsy patients respond well to medical treatment and 

are able enter remission (i.e. control their seizure and be seizure free). Meanwhile, an 

estimated 30% of epilepsy patients are treatment resistant and diagnosed with 

refractory epilepsy. Patients who fail to respond to available treatments are reported to 

have a considerable increased risk of injuries, premature death, psychosocial 

dysfunction, and a reduced quality of life (Kwan  et al., 2011).  Even for those who attain 

complete remission, the disease still raises health concerns and often still has 

unsatisfactory effects on quality of life. The side effects associated with taking 

antiepileptic medication are most notoriously the negative effects on cognitive function 

such as mental awareness and concentration. This can be a serious concern as it affects 

their general wellbeing, function and performance or ability to perform optimally in the 

workplace, at school or in life in general. Moreover, the medication has to be taken daily 

for a long period of time and perhaps for the rest of their lives (Karceski, 2007, Kerr, 

2012). A family history of epilepsy also indicates a higher risk of developing epilepsy, 

when it comes to the forms of epilepsy that are hereditary (ascribed to genetic factors). 

This could be a disadvantage when starting a family knowing it could potentially be 

passed on to their children and could affect their chances at marriage prospects (WHO, 

2017).  

 

1.2 Medical treatment and Pharmacotherapy 

In the treatment of epilepsy, there are currently more than 20 different antiepileptic 

drugs (AEDs) available and over 15 third generation AEDs have been approved over the 

past few decades. Nonetheless, 30% of people with epilepsy are still struggling to 

control their symptoms and continue to have seizures (Friedman and Devinsky, 2015, 

Löscher et al., 2013). The drug targets of current medications are primarily GABA and 

ion-channels, while their mechanism of action is believed to be majorly due to 

potentiation of GABA or inhibition of ion-channel function respectively (Löscher et al., 
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2013). Currently available medications/pharmacotherapeutics act purely at the 

symptomatic level and merely act to suppress seizures. There has been lack of success in 

finding novel targets and medications with mechanism of action that can prevent the 

development or progression of epilepsy (disease modifying) or cure the disease (anti 

epileptogenic)(Löscher et al., 2013).  

The introduction of many new antiepileptic drugs, including various with novel 

mechanisms of action, has provided better treatment for different types of seizures and 

somewhat improved safety and side-effect profiles. Despite this, adverse effects on the 

central nervous system is still highly prevalent and the negative effects on quality of life 

are still unsatisfactory.(Friedman and Devinsky, 2015). Furthermore, the new 

medications have not significantly reduced the proportion of patients with medically 

refractory epilepsy (Friedman and Devinsky, 2015). Development of new treatments 

with reduced side effects and efficacy towards pharmacoresistant epilepsy is important. 

However, new and innovative therapies that do not merely suppress and control the 

symptoms but can actually prevent and cure the disease should be pursued or strived 

for.   

 

1.2.1 Mechanism of Action of current AEDs 

As mentioned previously, AEDs merely treat symptoms and rarely lead to seizure 

freedom., The symptoms of epilepsy that manifest as recurrent seizures is believed to be 

a manifestation of intermittent and hyperexcitability of the neurons, and the AEDs is 

believed to recover the balance between excitation and inhibition of the nervous system 

(Sills, 2011).  The mechanism of action of current AEDs has yet to be completely 

understood, but some mechanisms have been recognised as likely mode of actions. The 

older conventional AEDs also known as first generation AEDs, act mainly by modulating 

voltage gated ion-channels, either as an antagonist by blocking sodium channels or by 

enhancing the inhibitory effect of gamma-aminobutyric acid (GABA) on 

neurotransmission. The newer antiepileptic drugs on the other hand encompass some 

new mechanisms sometimes in addition to the same mechanisms as the older AEDs, 
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including binding to the presynaptic vesicle protein SV2A, causing inhibition of sodium 

channels, and binding to the calcium channel alpha2delta subunit, that result in the 

opening of specific potassium channels. A number of AEDs have multiple mechanisms of 

action that are yet to be understood (Stafstrom, 2010).  

 

 

Table 1. Proposed mechanism of action of AEDs (from Aaron M. Cook and Meriem K. 

Bensalem-Owen 2011. Mechanism of action of antiepileptic drugs.)  

 

1.3 Animal models 

The ability to carry out research on human diseases has come a long way since the early 

days of science. With the advancement of science and technology and the introduction of 
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computers, the capacity to collect, process and analyse data has become highly efficient 

and easier than ever. Digital technology is paving the way for new platforms and 

experimental methods, e.g. in silico methods, which is increasingly becoming more 

sophisticated by the day. Hopefully one day, being able to obtain sufficient data and to 

replicate and reproduce human physiology by means of computer simulation, may 

possibly reduce the need for animal models (or at the very least reduce the number of 

animals required). Nonetheless, replication of a complex system through computer 

science at this point is only in the developmental stages and more of a work in progress, 

making the most viable option for studying complex biological systems or carrying out 

preclinical studies by use of model organisms. 

 In the studies of fundamental pathogenesis of many diseases and preclinical studies of 

potential pharmacotherapy, the information we have garnered thus far has relied 

heavily upon the help of disease models and model organisms (Chesselet and 

Carmichael, 2012, Hunter, 2008). The contribution model organisms have made for 

molecular biology and clinical research is undeniable. In spite of this, there is a lack of 

etiologically relevant disease models for epilepsy that has been clinically validated 

(Löscher et al., 2013). This calls for further research to explore and develop new models, 

including for epilepsy. 

 

1.3.1 Classic models  

Human epilepsy comprises a variety of clinical, behavioural and physiological symptoms 

that has been researched in animal models. Studies have been carried out mainly in 

mammals on different species, but rats and mice as models are the primary choice and 

have been preferred in the majority of studies on epilepsy (Grone and Baraban, 2015). 

When discussing models relating to seizures it is important to distinguish between acute 

seizure models and models of chronic epilepsy. In the seizure models the seizures are 

acute and provoked, whereas in the epilepsy models the seizures are chronic, recurrent,  

often spontaneous, and more representative of the condition. Despite this, acute seizure 
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models are highly used to screen for AEDs and effects on epileptic seizures, even though 

they are not considered models of epilepsy (Kandratavicius et al., 2014)..  

Epilepsy and epileptic seizures encompass electrical and behavioural events that are 

caused by physiological changes in humans that can often be credited to chemical, 

molecular and anatomical changes in the brain. To make epilepsy models, these changes 

in the brain are often targeted to be induced by the use of chemoconvulsants, genetic 

modifications, traumatic brain injury, or electrical stimuli (Kandratavicius et al., 2014).  

The classical widely used models to study epilepsy are the kindling model and post-

status-epilepticus model using rats and mice (Jasper, 2012). The kindling model is 

created by the process of repeatedly delivering sub-convulsive electrical stimuli, or less 

frequent chemical stimuli, over a period of time to parts of the brain. Due to synaptic 

plasticity it is then possible to increase sensitivity to stimuli in the brain and lower the 

seizure threshold, which results in permanent increased susceptibility to seizures 

(Gilbert, 2001).  

The post status epilepticus model on the other hand is created by, as its name indicates, 

induction of status epilepticus. Status epilepticus is a life-threatening medical 

emergency that is characterised by The International League against Epilepsy (ILAE) as 

''continuous seizure activity'' (prolonged seizure > 5 minutes) which after an estimated 

30 minutes runs the risk for neuronal damage (Trinka et al., 2015). To make SE models, 

status epilepticus is either induced chemically (commonly with pilocarpine or kainate) 

or by electrical stimulation.  This causes neuronal damage if successful that results in 

spontaneous seizures that should appear after a few weeks (Reddy and Kuruba, 2013, 

Löscher, 2002a). 

These classic models have served as the corner stone in fundamental research on 

epilepsy that has improved our understanding of basic mechanisms and contributed to 

the development of several antiepileptic drugs. Despite this, the use of these models has 

not led to the discovery of promising novel compounds, and the new generation of AEDs 

has made little progress compared to its predecessors. The lack of improvements of 

AEDs is especially prominent with regard to pharmacoresistant epilepsies as there has 

been no significant reduction in the number of cases (Löscher, 2011). 
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The mechanisms of epilepsy still remain elusive, and there is a concern that the 

traditional classic rodent screening models only reflect a limited part of the pathological 

mechanisms of epilepsy, excluding novel antiepileptic compounds with other 

mechanisms. This could hinder the discovery of new mechanisms and compounds that 

could potentially lead to more efficient treatment of refractory epilepsy and prevention 

or cure for epilepsy. There is therefore a pressing need for new and improved animal 

models that include novel targets (Löscher, 2011). 

 

1.3.2 Zebrafish model 

Danio rerio, often known as ''zebrafish'' in layman´s terms, are tropical fishes that can be 

found in fresh-water streams and rivers. They are native to South-Asia and South East 

Asia and belong to the Minnow family (Burke, 2016). Zebrafish are popular aquarium 

fishes but are gaining rapid popularity in science, in particular biological and medical 

research to model human diseases (Burke, 2016). 

 Zebrafish are rapidly emerging as an in vivo model for neurological disorders. Although, 

the adaption of this simple vertebrate as a epileptic model are only in its early stages, 

the zebrafish has displayed many similar neurobehavioural traits to those found in 

humans. Behaviours such as diurnal sleep/wake cycles and drug addiction have been 

observed, demonstrating that they have behavioural traits and endpoints that can be 

quantified for research (Best and Alderton, 2008).  

Looking at the zebrafish from a phylogenetic perspective they are further removed from 

humans compared to mammals (MacRae and Peterson, 2015). Nevertheless, a 

comparison of the zebrafish genome with the human genome reveals that the zebrafish 

shares many similarities with humans. Approximately 70% of the zebrafish genome 

shows homology with the human genome, whereas 71.4% of human genes have at least 

one orthologue in the zebrafish  (Howe et al., 2013). In spite of some of differences 

between the brain structure of mammals and teleosts, the overall organisation of the 

brain is similar in mammals (Best and Alderton, 2008).   
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Genetic screens in zebrafish have identified several genes relevant to humans, with vital 

roles in the development of the brain. The function of these genes in the zebrafish may 

suggest the orthologous gene(s) in humans are also important for neurological 

development, and may be relevant for the development of some neurological disorders. 

Further research is necessary to investigate the roles of these specific genes in both 

humans and zebrafish, and perhaps what influence they may have on the development 

of neurological disorders, including epilepsy (Parent, 2006). 

 

1.3.3 The advantages of using zebrafish   

Zebrafish offer several practical benefits as a model organism allowing for high 

throughput chemical and behavioural screens. A zebrafish model offers the opportunity 

to do in vivo studies in a complex system living animal, with the cost, time and test-

substance quantity efficient benefits of in vitro studies (Truong et al., 2011).  

Adult zebrafish are small in size making them easy to house and maintain. The zebrafish 

also has a short generation time as well as a short maturation period, reaching maturity 

in a matter of 2-3 months, allowing us to study different life stages in a short time frame. 

Zebrafish can breed any time of the year and are able to lay up to hundreds of eggs at 

weekly intervals, making it possible to provide to a large stock of fish in a short period of 

time for experiments. The eggs are fertilised externally and the embryos develop ex 

utero in addition to being optically clear, providing advantages in visualisation of 

neurological development as it can remain living and fully intact without sacrificing the 

mother. The fish remains semi-transparent during early larval stages making it possible 

to observe several organs and the brain and nervous system during development 

without having to resort to invasive procedures. Hence, the fish remains alive and intact, 

offering the benefit of being able to continuously observe the same fish. Chemical agents 

can also easily be administered to the fishes simply by adding the substances to their 

water, allowing for potential high throughput screening of drugs and novel compounds 

(Parent, 2006). The implementation of automated screening procedures and recording 

equipment, could allow for a highly efficient large-scale drug screen. 
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Figure 1. The morphological phenotype of fish at different developmental stages 

(Dooley et al., 2013). 

 

1.3.4 The challenges of using zebrafish 

There are shortcomings and challenges with ever model organism used in human 

disease research. Model organisms are clearly not human, which begs the question of 

whether or how much of the data gathered can translate to or are predictive for humans. 

The effects observed in model organisms cannot be directly translated to humans, but 

has often been able to provide an indication of a drugs effect(s) in a complex system. In 

drug development, animal testing is vital for drug screening and preclinical tests, and 

serves a critical role in determining whether a drug or compound will be developed 
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further. Currently, zebrafish are not accepted as a species for preclinical testing of drugs. 

According to guidelines by the Food and Drug Administration (FDA) and European 

Medicines Agency (EMA), preclinical testing is required to be performed on two 

mammalian species (including a rodent and a non-rodent) prior to clinical human trials 

(Atanasov et al., 2015). Despite zebrafish not being validated as a species, it could still be 

used as an additional species in preclinical tests. ,Zebrafish provide many advantages 

that could be useful for discovering novel neuroactive compounds for further research.  

 

1.3.5 Zebrafish in epilepsy 

Zebrafishes are vertebrates and therefore share many similarities to the human nervous 

system. Studies of numerous drugs (including AEDs) that are known to have an effect on 

humans have shown similar effects in zebrafish, indicating it as a good model for 

studying epilepsy (MacRae and Peterson, 2015, Gupta et al., 2014, Baxendale et al., 

2012). Their ability to display seizure-like behaviour and epileptiform electrographic 

discharges that can be quantified, demonstrates that they are suitable models to screen 

for novel compounds that exert an effect on seizure-like behaviours and events. With the 

limitations of in vitro systems in mimicking in vivo conditions, the zebrafish offers 

advantages in neuroscience epilepsy research as it can model intricate cell-to-cell 

interactions and neurotransmission pathways (Lacaille et al., 2016). 

 

1.4 Natural products and traditional medicine  

Natural products have played an essential part in early medicinal treatments and still do 

in large parts of the world, as an estimated 80% of the world are reliant on plants in 

some way for their medicinal needs and health care (Ekor, 2014). Natural products have 

contributed greatly to the discovery of current drugs and medicinal treatments and is 

expected to be of use in the discovery of future drugs as well (Hong, 2011). Due to the 

long use of medicinal plants in traditional medicine and in the treatment of a vast array 
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of ailments and conditions, a lot of knowledge has been garnered. The huge data 

accumulated throughout the years through the ancient systems of medicine and past 

experiences, could provide valuable information regarding potential plants and 

compounds relevant for epilepsy research. The accumulated knowledge and information 

might spell a great asset for the discovery and development of new antiepileptic drugs 

(AED) and novel mechanisms for epilepsy is expected to be no less, potentially 

contributing to finding or developing a cure for the disorder. Identifying new active 

compounds that could provoke seizures via different pathways compared to the current 

chemoconvulsants, could prove useful for screening of AEDs that act on different 

targets/mechanisms compared to the existing ones. 

Much knowledge has been amassed on several medicinal plants and botanicals that can 

help us identify new mechanisms, but it is not only because the natural products have 

been used in medicine for millennia that could be beneficial for drug discovery. Natural 

products have a wide range of chemical diversity and through evolution many chemicals 

have evolved for the benefit of the plant (Hong, 2011, Rosén et al., 2009). How plants 

function in nature, such as how they manage to keep pests away, how they protect 

themselves from being infected by microorganisms or diseases from other plants or 

animals, and their defence mechanisms against predators (e.g. toxins/neurotoxins or 

compounds that could be neuroprotectant) could clue us in on new plants that could be 

useful for disease research, including neurological diseases. Natural products from 

plants that have survived until now, is by the process of natural selection a victory of 

evolution. Natural products have been optimised through evolution by their refined 

ability to interact with biological macromolecules (coevolving with their surroundings), 

making nature an excellent source for finding prospective hit compounds for drug 

research (Hong, 2011). 
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1.5 Screening of drugs and natural products 

(toxicological aspects) 

Plenty of natural products and drugs have been documented with anticonvulsant 

properties, but many have also demonstrated the opposite with proconvulsive 

properties. In the rational for choice of compounds for this study, the concept of toxicity 

being dose dependent is central. As poisons can become medicine, and medicine can 

become poisons, Paracelsus (1493-1541), the father of toxicology and medical chemistry 

stated,''Dosis sola venenum faci'' [''Solely the dose makes the poison''](Borzelleca, 2000). 

This dose-dependency indicates that drugs and plant extracts that have anticonvulsant 

effects at smaller doses could be toxic and cause damage that results in convulsions at 

higher doses. 11 substances were selected for the screening; 7 well established drugs, 

with effect on central nervous system (CNS) or associated with neurological disorders or 

epilepsy, and 4 plant extracts, that are believed to have anticonvulsant, proconvulsant or 

CNS effects indicated by ethnomedical use or modern research and popularity (Steven D. 

Ehrlich, 2016). Paracetamol, Diclofenac, Acetylsalicylic acid, Amiodarone, Fluoxetine, 

Valproate, Tetracycline, Camellia Sinensis, Passiflora Incarnata, Ginkgo Biloba ang Panax 

Ginseng were tested in the toxicological screen. 

 

1.5.1 Green tea extract from Camellia sinensis 

Tea is the most widely consumed beverages in the world, second only to water. Among 

the types of teas consumed , the green tea has been especially popular due to its many 

health promoting benefits. Green tea has been of particular interest for scientific 

research and has been proven to have many health benefits (in humans), including 

neuroprotective properties and CNS effects (Khan and Mukhtar, 2013, Suzuki et al., 

2012). Green tea consumption has been linked to lowering seizure threshold in humans, 

despite its attributed anticonvulsant effect (Samuels et al., 2008). 

Camellia sinensis is an evergreen plant native to Southeast Asia that is most notable for 

its use in the production of tea (Mauseth, 2012). The green tea produced from the plant 
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is of particular interest for its health promoting effects both in general and in scientific 

research, with reported health benefits including neuroprotective effects. There is still 

ongoing research on green tea and the biological actions of it constituents, but many of 

its effects are thought to be primarily attributed to its cathechin content, a group of 

polyphenolic antioxidants. Toxic effects such as seizure inducing or seizure-threshold-

lowering effect has been reported in humans, and was a reason for it being chosen as 

one of the test compounds for this study.   

Green tea extract from Camellia Sinensis has been reported to be proconvulsive in mice 

and rats and capable of inducing seizures. The proconvulsive effect is thought to be 

calcium-channel mediated and not GABA, as there were no observed effects on the GABA 

levels in the brain.  Green tea extract could potentially be useful in the induction of a 

epilepsy in a zebrafish model, but it has yet to be determined whether it could cause 

recurrent seizures, as in a chronic epileptic model (Gomes et al., 1999). 

1.5.2 Ginkgo biloba 

Ginkgo biloba (Gb) is a tree species that is native to East Asia and is described as a 

''living fossil'', as it belongs to a plant division that dates back to the Jurassic period 

about 200 million years ago (Zhou and Zheng, 2003). G. biloba is considered a medicinal 

plant and has been used in traditional Asian medicine to improve memory, cognitive 

function, and blood circulation (Howes et al., 2003). 

 The medicinal use of this natural product has been shown to improve memory and to 

have antioxidant effects that could be beneficial for several neurological disorders. The 

pharmacological and therapeutic effects are believed to be due to the terpenoids 

(ginkgolides and bilobalides), flavonoids and proanthocyanidin components in G. biloba. 

Proposed mechanism includes modulation of several neurotransmitter systems, such as 

inhibition of dopamine, serotonin and norepinephrin synaptosomal uptake through 

monoamine oxidase A inhibition. The components in Gb also demonstrated 

neuroprotective effects by acting as free radical scavengers (Brondino et al., 2013). 

Thus, ginkgo biloba extract (GBE) has gained much popularity as a alternative treatment 

and supplement in many health stores, and even in energy drinks as additives.  
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Despite the promising health benefits of G. biloba, there have been reports that it could 

possible cause seizures (Jang et al., 2015). The seizures are thought to be induced by 

consuming the neurotoxic component, ginkgotoxin, which causes a reduction in GABA 

levels in the brain. Isolated ginkgotoxin from the plant has been shown to induce 

seizures in zebrafish, but the mechanism triggering seizures is still unclear (Jang et al., 

2015, Lee et al., 2012a).  It is unknown whether other components could contribute to 

the seizure inducing mechanism, as there have been reports of seizures even after 

ingestion of leaves, although gingkotoxin is mostly found in the seeds (Jang et al., 2015). 

Studies in zebrafish larvae showed that gingkotoxin caused acute seizures, but not if it 

could cause chronic seizures.  It was hence chosen for further analysis in this study. 

1.5.3 Panax Ginseng  

Panax ginseng is a perennial plant that belongs to the Araliaceae family, and is well 

known as a medicinal plant in traditional medicine throughout Asia (Cho, 2012). Panax 

ginseng roots have been used in Asia for thousands of years. Recently, it has gained 

recognition worldwide as it is sought after for its adaptogenic properties. According to 

its traditional use, it is said to revitalise and strengthen the body and the mind and 

promote longevity (Cho, 2012, Kim et al., 2013). 

 Studies in humans and animals have shown promising results for therapeutic use as an 

adaptogen and neuroprotectant in disorders associated with the central nervous system 

(Kim et al., 2013). Ginseng´s adaptogenic effect is most likely due to a complex 

combination of the biologically active components in the root instead of one specific 

component.  

Ginseng contains a diverse set of biologically active compounds including ginsenosides, 

polyacetylenic alcohols, polyphenols, peptides, vitamins and polysaccharides, that is 

responsible for many of its pharmacological effects (Kang and Min, 2012, Yeo et al., 

2012). Ginsenosides are tetracyclic triterpenoid saponins only found in plant Panax 

species, and are believed to be the main bioactive compounds of P. ginseng.  

The array of health promoting properties attributed to ginseng includes antioxidative, 

anti-inflammatory and immune stimulating effects, which exerts it effect on body and 
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mind by combining these properties (Yeo et al., 2012). P. ginseng studies on mice has 

indicated that it affects GABA levels, which is often implicated in neurological disorders, 

including  epilepsy (Yin et al., 2011). There have been reports that ginseng may 

exacerbate seizures but there has merely been anecdotal evidence to support this 

statement and the effect on epilepsy is still unclear (Spinella, 2001).  

1.5.4 Paracetamol 

Paracetamol is a well-known over-the-counter (OTC) drug popularly used worldwide as 

an analgesic (painkiller) and antipyretic (fever reducing) in the treatment of pain and 

fever. The drug has similar effects and a therapeutic profile as a nonsteroidal anti-

inflammatory drug (NSAID), but has a weak anti-inflammatory effect as opposed to 

NSAIDs (Graham et al., 2013). The side-effect profile is also different for paracetamol 

and NSAIDs, paracetamol is known to be more tolerant for the most part, without the 

gastrointestinal side-effects. There is however a risk of hepatoxicity (livertoxicity) 

associated with overdose and wrong use of paracetamol (Jóźwiak-Bebenista and Nowak, 

2013). The mechanism of action (MOA) is still unclear, but is believed to be different 

than that of NSAIDs. Paracetamol's MOA is thought to be complex with peripheral and 

central effects. The peripheral effects are thought to be mainly through inhibition of 

peroxidase, cyclooxygenase (COX) activity and prostaglandin (PGE) synthesis, whereas 

the central nervous system effects are thought to be mediated through COX and NO 

pathways and several neurotransmitter systems including serotonergic (descending 

neuronal pathway), cannabinoid and opioid systems (Graham et al., 2013, Jóźwiak-

Bebenista and Nowak, 2013). Whether this drug could have an effect on epilepsy is 

unknown. 

1.5.5 Amiodarone 

Amiodarone is an anti-arrhytmic drug, was first introduced as an anti-anginal, before it 

was subsequently revealed to be a highly potent anti-arrhythmic (Punnam et al., 2010). 

It was developed in Belgium in 1962 and gained confined wide-spread recognition in 

Europe and South America for its anti-arrhytmic properties, before it was approved by 
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the FDA in 1985 and gained popularity there(Van Herendael and Dorian, 2010). To date, 

its among the most widely used drugs in the treatment of atrial and ventricular 

arrhytmia, and is considered to be the leading therapy for ventricular arrhytmia. 

(Punnam et al., 2010, Van Herendael and Dorian, 2010). Amiodarone has a broad 

spectrum effect and despite being classified as a class III anti-arrhytmic it exhbits 

additional action characterized to class I, II, IV agents(Punnam et al., 2010). This 

includes mechanism of action by blocking outward potassium channels(prolonging 

repolarization)(Class III), sodium channels(Class I), Beta-andronereceptor(Class II) and 

calcium channels responsible for influx of calcium(IV)(Kowey et al.) Amiodarone can 

cross the blood-brain barrier, and has been associated with several adverse neurological 

effects, including tremors, ataxia neuropathy and vertigo(Hindle et al., 2008). The 

mechanism of action of the neurotoxic effects on the central nervous system are 

unknown(Hindle et al., 2008). 

1.5.6 Valproate 

Valproate, also known as valproic acid (VPA), is a widely used antiepileptic drug (AED) 

and mood stabiliser in the treatment of bipolar disorder (Chateauvieux et al., 2010, 

Akimoto et al., 2007) .The mechanism of action of valproate is currently unclear, but 

some of its pharmacological activity has been partially ascribed to the stimulation of 

glutamate receptors, particularly GABA, inhibition of voltage-gated sodium and calcium 

channels, and its role as a Histone deacetylase inhibitor (HDAC) (Chateauvieux et al., 

2010). The drug has also been reported to influence neurotransmitter systems, 

increasing levels of dopamine and serotonin in the brain after administration, which 

might be a contributing factor to how it exerts its neurological effects (Akimoto et al., 

2007, Lee et al., 2012b). 

Valproate is generally regarded as safe and well tolerated, although commonly 

associated with side-effects including drowsiness, weight gain and nausea (Lagace and 

Nachtigal, 2004).. However, when used during pregnancy, VPA has been associated with 

severe adverse effects, with a three-fold increase of major anomalies occurring in the 

offspring (Ornoy, 2009, Alsdorf and Wyszynski, 2005). VPA has thus been determined as 

a human teratogen (Ornoy, 2009). Adverse effects on fetal development include spina 
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bifida, developmental delay, skeletal and limb defects, decreased intrauterine growth 

and neurodevelopmental problems, evident by autistic spectrum disorder (ASD) among 

other neurological abnormalities (Ornoy, 2009, Alsdorf and Wyszynski, 2005).  Whether 

VPA could be associated with the development of other neurological disorders remains 

to be seen. 

 

1.5.7 Tetracycline 

Tetracycline is a broad-spectrum antibiotic that has been used widely since its discovery 

approximately 70 years ago.  Due to its effectiveness against a wide range of gram-

positive and gram-negative bacteria, and other microorganisms including rischettsia, 

mycoplasma and protozoan parasites, it has been used extensively in both the treatment 

of humans and animals. Tetracycline is a antibiotic that works by inhibiting protein 

synthesis through the prevention of aminoacyl-tRNA attaching itself to the ribosomal 

acceptor (A) site (Chopra and Roberts, 2001). At high concentrations, the drug could 

cause toxicity by penetrating the cell membrane of mammalian cells and inhibiting 

protein synthesis. Tetracycline is a lipophilic drug that is able to cross through the 

blood-brain barrier (BBB), and could have an effect on the central nervous system (Nau 

et al., 2010, Chopra and Roberts, 2001). The drug has previously been associated with a 

neurotoxic event that resulted in benign intracranial hypertension (Grill and Maganti, 

2011). 

1.5.8 Diclofenac 

Diclofenac is a commonly used drug for its analgesic, anti-inflammatory and antipyretic 

properties, that belongs to the group of drugs called nonsteroidal anti-inflammatory 

drugs (NSAIDs). The drug has been known to act by inhibiting cyclooxygenase (COX) 

which has an effect on both the central and the peripheral nervous system, but research 

shows that its therapeutic effect goes beyond merely the modulation of COX. (Gan, 

2010). New research suggests novel mechanisms of action (MOA), involving an effect on 

N-methyl-D-aspartate (NMDA) receptors, a glutamate receptor that is associated with 
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neurological disorders, including epilepsy, but has not been elucidated (Gan, 2010, 

Ghasemi and Schachter). Diclofenac has been reported to exert toxic effects on zebrafish 

embryos that alter the expression of certain genes important for the development of the 

nervous system (Chen et al., 2014). The alterations of the expression of these genes 

could potentially cause neurodevelopmental defects in zebrafish , but whether it does or 

not has not been determined (Chen et al., 2014). Further research is therefore needed to 

determine whether there could be neurological implications. 

1.5.9 Acetylsalicylic acid 

Acetylsalicylic acid (ASA) is a widely used drug derived from salicylates from the willow 

tree (Norn et al., 2008). The drug is believed to have been first synthesised by Felix 

Hoffman, a chemist at Bayer (Germany), to treat his father's arthritis (Vane and Botting, 

2003). When it was discovered it, was initially used for its analgesic, antipyretic and 

anti-inflammatory properties, but has in later times also been used for its anti-plateletet 

properties as blood thinners (Vane and Botting, 2003, Yeomans, 2011). Acetylsalicylic 

acid is classified as a nonsteroidal anti-inflammatory drug (NSAID) and is believed to 

exert its therapeutic effects by inhibit cyclooxygenase (COX) enzymes and thromboxane 

A2 (TXA2) (Warner et al., 2011). High doses of ASA are used for treating inflammation, 

allergies and pain , whereas low doses are used to inhibit the aggregation of blood 

platetelets, to prevent thrombotic events including strokes (Altman et al., 2004). ASA, as 

the other NSAIDs, are characterised by side-effects including upper gastrointestinal (GI) 

symptoms, but due to ASA's anthithrombotic effect, there is an increased risk of GI 

toxicity, extracranial and intracranial haemorrhage (Dai and Ge, 2012).. Regarding ASA 

and its neurological actions, mechanisms and effects are still unclear, as ASA has been 

reported to have neurological effects, mostly neuroprotective effects, but case reports of 

severe overdoses have been linked to seizures (Moro et al., 2004, Smolinske et al., 1990, 

Ma et al., 2012). Whether ASA could cause neurological toxicity remains to be 

determined.  
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1.5.10 Fluoxetine 

Fluoxetine was the first antidepressant drug belonging to its drug class, the selective 

serotonin reuptake inhibitors (SSRIs), approved for clinical use by the United States 

Food and Drug Administration (Wenthur et al., 2014). The exact mechanism of action is 

not clear, but it is known to exert some of its therapeuticeffects by enhancing serotonin 

transmission (Wenthur et al., 2014). The specific SSRI was the first major therapeutic 

breakthrough in psychiatry, since the introduction of  some of the first classes of 

antidepressants, including the monoamine oxidase inhibitors (MAOIs) and the tricyclic 

antidepressants (TCA) (Wenthur et al., 2014, Ramachandraih et al., 2011). The SSRIs, 

including fluoxetine, has made much progress in terms of improved side-effect profile, 

safety and tolerability, compared to its predecessors (Gourion et al., 2004, Wenthur et 

al., 2014). A contributing factor responsible for its reduced side-effect profile is its 

selectiveness for serotonin, hence only weakly inhibiting other neuroreceptors (i.e. 

histaminergic, andrenergic and cholinergic) as opposed to the older antidepressants, 

reducing the adverse effect that would occur by such interactions (Gourion et al., 2004). 

Due to weaker affinity to those receptor sites, fluoxetine is marked by significantly less 

andrenergic, cholinergic and histaminergic side-effects, such as constipation, 

hypotension, tachycardia, blurred vision and sedation, that is more common in the 

previous drug classes (Ferguson, 2001, Gourion et al., 2004). However, they have been 

associated with other side-effects, including sexual dysfunction, sleep disturbances and 

nausea (Ferguson, 2001). There has also been case reports of seizure in patients that 

have overdosed, but the mechanism of the neurological effect remains unclear (Oke et 

al., 2001, Suchard, 2008), Complete neurological effects and mechanisms remain to be 

elucidated. 
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2 Aim of the study 

 

The aim of the study is to develop and characterize novel zebrafish epilepsy models that 

can aid us in the discovery of novel mechanisms leading to epileptogenesis. We will use 

a chemically induced traumatic brain injury approach by screening a list of compounds 

in zebrafish larvae, for neurotoxic effects that can alter early brain development, 

ultimately leading to recurring spontaneous seizures (epilepsy). After a primary screen 

of 11 compounds, the top one to two most promising compounds will then be chosen for 

further analysis. 

 

To realise this goal the approach will be to: 

 Determine the maximum tolerated concentration of the substances by manual 

observation and scoring of toxicity phenotypes under a microscope  

 Determine if the substances could potentially induce epileptic seizures 

 Determine whether exposure of zebrafish during early neural development at 2 

days post fertilization to the tested substances could cause chronic epilepsy in 

zebrafish 

 Select a few compounds from the MTC studies that seem most likely to induce 

chronic recurrent seizures for further testing (i.e. by EEG and tracking) 

 

The ultimate purpose is to improve our understanding of the signaling pathways 

involved in the development of epilepsy after brain injury, to develop new models for 

drug discovery and thus to eventually find novel compounds that could contribute to 

better treatment, prevention or a cure for epilepsy.  
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3 Materials and methods 

 

Substances 

Substances Supplier 

Camellia Sinensis extract Sigma-Aldrich (Germany)  

Panax Ginseng extract Sigma-Aldrich (Germany) 

Ginkgo Biloba extract Sigma-Aldrich (Germany)  

Passiflora Incarnata extract Sigma-Aldrich (Germany) 

2-[(2,6-Dichlorophenyl)amino]benzeneacetic 

acid sodium salt  

(Diclofenac sodium salt) 

Sigma-Aldrich 

Sodium 2-propylpentanoate  

(Sodium valproate) 

Sigma-Aldrich 

(±)-N-Methyl-γ-[4-

(trifluoromethyl)phenoxy]benzenepropanamine 

hydrochloride  

(Fluoxetine hydrochloride) 

Sigma-Aldrich 

(2-Butyl-3-benzofuranyl)[4-[2-

(diethylamino)ethoxy]-3,5-

diiodophenyl]methanone hydrochloride 

Sigma-Aldrich 
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(Amiodarone hydrochloride) 

Tetracycline hydrochloride Sigma-Aldrich 

N-Acetyl-4-aminophenol  

(Paracetamol/APAP) 

Sigma-Aldrich 

Acetylsalicylic acid  

(Aspirin/ASA) 

Sigma-Aldrich 

Table 2. Test substancess used for this study. All substances were purchased from 

commercial vendors. 

3.1 Animals 

All procedures were carried out in accordance with European and National Regulations 

at the Centre for Molecular Medicine (NCMM), University of Oslo. According to the EU 

Directive 2010/63/EU and the Commission Implementing Decision 2012/707/EU, animals 

are not protected by law concerning animal experiments until the stage of independent 

feeding. The time limit for zebrafish has been set to be 120 hours post fertilisation (hpf), 

where zebrafish experiments exceeding this time period are to be subjected to animal 

experiment regulations (Strähle et al., 2012). The experiments conducted were not 

restricted by animal experiment regulation as they were ended within 120 hpf.  

 

3.2 Zebrafish care and maintenance  

Zebrafish (Danio rerio) larvae used in the study were obtained from fish housed at 

NCMM (Centre for Molecular Medicine Norway) originating from the Model Fish Unit 

(MFU), at the Norwegian University of Life Sciences (NMBU). The zebrafish strain 

utilised were AB wild types and the entire study was carried out at the Center for 

Molecular Medicine Norway, Oslo Science Park, University of Oslo. All studies were 
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conducted on AB wild type zebrafish larvae from 2 days post fertilisation (dpf) and 

studied until 5 dpf.  

Water Parameters 

pH                                        7.0 – 8.0 

Conductivity 900-1200 

Temperature: 26 to 28.6 °C 

General hardness (GH): 6-10 

Carbonate hardness (KH):                       3-5 (ideally half of GH) 

Ammonia (NH3):  ≤ 0.25 mg/l 

Nitrate (NO3):                                  < 25 mg/l 

Nitrite (NO2):                                 < 0.3 mg/l 

Phosphate (PO4):                                            < 0.2 mg/l 

Table 3. Water parameters in the zebrafish aquaria 

Larval wild type zebrafish of the AB strain were bred and reared from in-house 

zebrafish stocks housed at the fish facility in fish tanks. Zebrafish stored in the fish 

facility were maintained under standard aquaculture conditions at an ambient room 

temperature between 26 °C and 28.6 °C under a 14/10 light/dark cycle (Westerfield, 

2007). Adult fish were fed three times a day, once daily with Artemia (brine shrimp) live 

feed and twice daily with commercial dry feed (Gemma Micro 300, Skretting, Norway).  

To obtain zebrafish embryo for the experiments, fertilized eggs were collected after 

natural spawning. Fish were set up in a breeding tank and left over night, separating the 

female and male fishes. The horizontal tank divider was then removed the following day 

allowing the fishes to spawn. The embryos were then collected and transferred to petri 

dishes and incubated at 28.5 °C. Embryos were sorted and put in petri dishes, as only 

those of good quality were selected, and reared under constant lighting until the 

commencement of the experiments.  Water change was undertaken daily throughout the 
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experiment to maintain good water quality. Zebrafish larvae at approximately 2 dpf 

were used for the toxicological studies as the exposure of the fish was wanted to be at a 

critical time point during neural development when it is vulnerable. (Mueller et al., 

2006) A critical time window in zebrafish was established to be after hatching between 

2-3 dpf, during early secondary neurogenesis, when cells begin to differentiate 

(Wullimann, 2009). The blood-brain barrier (BBB) maturation in zebrafish occurs from 

3 dpf meaning the substances permeability to the brain will not be affected by it (Jeong 

et al., 2008). Zebrafish larvae were left to hatch naturally, avoiding any addition of 

confounding factors that would arise from being dechorionated with pronase. Only 

hatched zebrafish were used for the study, as test compounds are administered via 

bathing medium, and chorions can affect the permeability of the compounds.  

   

3.3 Maximum tolerated concentration (MTC) - In vivo 

toxicity  

A toxicological screen was performed to determine the maximum tolerated 

concentration (MTC) of specific drugs and plant extracts in 2 day-old zebrafish larvae 

(wild type strain AB). The MTC was determined to identify if any of the compounds 

would provoke seizure at a sub-lethal concentration.  A series of different 

concentrations were tested for each substance to determine the highest concentration 

tolerable. The substances for testing were diluted in E3 medium and added to the fish 

water for a final volume of 1 mL per well. 24-well culture plates were used for the tests 

and zebrafish larvae were transferred to the wells so that each well contained 5 larvae 

submersed in either 1 mL test solution or 1 mL control solution.  

Experiments were repeated at least 3 times (making triplicates for each experiment), 

testing a total of at least 15 fishes per concentration for each of the test substances 

(Note: Initial experiments were repeated 4 times, but was reduced later due to time 

limitation). There were two control groups for each substance-culture-plate with a total 

of 10 fishes as control. Zebrafish treated with vehicle 1% DMSO in embryo medium (E3 

medium) served as vehicle control (VHC) for water insoluble compounds dissolved in 
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DMSO, while zebrafish in embryo medium served as a negative control for the water 

soluble compounds. Zebrafish larvae being treated were incubated with the at 

compound at 28.5 °C in complete darkness. Incubation under dark conditions was done 

to avoid potential photochemical reactions of the drugs and photosensitive reactions in 

zebrafish. 

Treated zebrafish were exposed to test substances for 24 hours, after which drugs were 

washed off by rinsing the fish three times with E3 buffer and current bathing medium 

was replaced with fresh embryo medium.  

Toxicological evaluation and observation of zebrafish larvae was performed after the 24 

hours, and daily thereafter until approximately 5 dpf (before 120 hpf). Each of the fishes 

was manually examined under a light microscope for any signs of toxicity and locomotor 

impairment. The toxicological evaluation was done by scoring the zebrafish larvaes by 

binary notations (present or not present) on the following phenotypes and 

morphologies: hypoactivity, signs of necrosis or hemorrhaging, reduced or no touch 

response, body deformations, exophthalmos (bulging eyes), smaller in size (stunted 

growth), no body curvature (straight axis), pericardial edema, slow heartbeat, normal 

bloodflow, jaw defects and partially inflated or deflated swim bladder (Afrikanova et al., 

2013). 

A zebrafish was considered normal if it was able to cover the distance of its body length 

in response to touch. If a shorter distance was covered or there were only movement in 

place, the response was noted as weak or impaired. Fish that exhibited no movements 

whatsoever was considered not responsive.  Additional notes were taken on the side for 

any other abnormalities observed during the study, including seizure-like behaviour. 

For experiments where less than 90% of the zebrafish controls were alive and normal, 

data were discarded or not recorded.  

The term MTC can have several meanings but there are two that are important to 

differentiate used in toxicology, depending on whether the MTC is the abbreviated form 

of Maximum tolerated concentration or Maximum tolerable concentration. The original 

MTC (as in Maximum tolerable concentration) which is defined by IUPAC as ''Highest 

concentration of a substance in an environmental medium that does not cause death of test 
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organisms or species'' (McNaught et al., 1997) . Meanwhile, the other definition of MTC 

(Maximum Tolerated Concentration) is an adaption of the MTD (Maximum Tolerated 

Dose), to include, and is more suitable for aquatic animals that are immersed in the 

substance.  The'' dose'' in the MTD definition has merely been replaced with 

concentration for the definition and is '' the highest concentration that does not cause 

unacceptable side effects'' (Hutchinson et al., 2009).  For this study, Maximum Tolerated 

Concentrations were determined.  The MTC was determined by the maximum 

concentration for each of compound where no more than 2 out of 15 fish were dead or 

showed any signs of locomotor impairment. Some compounds were still accepted for 

further behavioural analysis at higher concentrations, if they had deflated swim 

bladders, but were normal otherwise with proper touch response and no other signs of 

toxicity. 

 

3.3.1 General Protocol for MTC determination 

1. Prepare test solutions of various concentration for each of the compounds 

2. Add 0.5 mL unless stated otherwise of test solution or control solution to each 

well 

3. Add five zebrafish larvae in 0.5 mL of embryo medium to each of the wells 

4. Incubate the 24-well culture plates with compounds at 28.5 °C in complete 

darkness for 24 hours 

5. Rinse zebrafish larvae three times with embryo medium 

6. Incubate them at 28.5 °C at a 14/10 light/dark cycle until observation and 

analysis 

7. Evaluate and score the zebrafish on day 3 dpf, 4 dpf and 5 dpf under a stereo 

microscope (Zeiss Stemi 508 Stereo Microscope, Germany)  

8. Terminate experiment 5 dpf  
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3.4 Behavioural analysis  

Behavioural studies such as tracking of locomotor activity and recording of EEG were 

not undertaken for all of the compounds due to time constraints, resulting in only some 

of them being selected. Which compounds that were chosen among the list of 

compounds for the toxic screen, were narrowed down to the compounds that were most 

likely to induce seizure based on observations from the exposure study. Compounds that 

caused fish to exhibit seizure like behaviour or hyperactivity, but where the fish was 

relatively normal (without major abnormalities or morbidity) were ideally prioritised. 

In some cases, EEGs were done parallel with the MTC experiment and the best option 

among the drug-treated groups were used for EEG. Although only seizures with striking 

characteristics were chosen due to easier detection. I.e. tonic-clonic or myoclonic 

seizure, that primarily accompanied my muscle jerks and/or hyperactive swimming. 

Furthermore, signs of absence seizure are harder to notice, as lapses of consciousness 

are less apparent. Distinguishing visually whether the fish has an absence seizure or is 

simply hibernating, is difficult.  

Selected compounds for behavioural analysis (at MTC or at highest acceptable 

concentration) were sometimes chosen as we went along, as they were done in parallel 

to the MTC experiments. Order of tracking and EEG were random for each compound, 

and if EEG was first and no seizure was detected locomotor activity was not assessed. 

Due to limitations in tracking equipment, seizing or muscle spasms in the same place, 

without moving around, could not be detected by this type of tracking system as the 

experiments were performed in 96-well format, but at the cost of a higher resolution 

through a higher camera zoom. Hence, drug-treated fishes that were demonstrating this 

type of behaviour were unsuitable for this kind of tracking. 

 

3.5 Locomotor activity tracking  

Zebralab® (Viewpoint, Lyon, France) automated observation and video tracking system 

and software were used to assess locomotor activity of zebrafish. For behavioural 
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analysis of locomotor activity zebrafish larvae were placed in individually wells of a 48-

well culture plate in 400 μL solution (E3 medium). The culture plate with the fish larvae 

was transferred into the ZebraBox® recording system (Viewpoint, Lyon, France) and 

the fish were allowed to acclimate for 10 minutes in the dark before recording. 

Behavioural recording for each plate was set to 50-60 minutes of continuous tracking. 

Treated larval zebrafish were usually tracked at approximately 3 dpf and/or 4 dpf. Data 

for experiments with no difference from controls/normal were not included, and the 

results are merely mentioned. The parameters set for the tracking was >8 mm/sec for 

long distance and <3 mm/sec for short distance and each time bin was set to 30 seconds. 

 

3.6 EEG recording 

Clinically, epilepsy is characterised by events with abnormal electric activity in the brain 

that results in seizure. The excessive electrical activity can be measured with 

Electroencephalogram (EEG) and is important tool in the identification of epileptic 

seizures and diagnosis of epilepsy. EEG recordings were done on zebrafish larvae by 

embedding it in 2% low-melting-point agarose (Invitrogen) and thus immobilising it. A 

glass electrode connected to a high-impedance amplifier, filled with artificial 

cerebrospinal fluid (124 mM NaCl, 2 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 1.25 mM 

KH2PO4, 26 mM NaHCO3 and 10 mM glucose) was then inserted into the optic tectum. 

Recordings were performed in current clamp mode, low-pass filtered below 2 kHz, high-

pass filtered above 0.5 Hz, digital gain 10 and a sampling frequency of 2 KHz 

(MultiClamp 700B amplifier and Digidata 1550B plus HumSilenser, both from Axon 

Instruments). Single recordings were performed for 10 min. Single recordings of brain 

activity were then recorded for 10 minutes. Spontaneous events were considered when 

the amplitude of the spikes exceeded the background noise by three-fold, and the spikes 

were analysed with pClamp 10 software (Molecular Devices). EEG was performed on 

larvae approximately 5 dpf  (and in some cases additional EEGs at 4 dpf) as seizures can 

be elicited after 3 dpf, but neuronal discharges become more prominent as the brain 

develops and matures (Lacaille et al., 2016).     
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3.7 Whole-mount imaging 

Photomicrographs of whole mount zebrafish larvae were captured using a Leica 

DFC3000 G camera mounted on a Leica M205 FA fluorescence stereomicroscope 

running Leica Application Suite X software (Leica Microsystems, Germany). Imaging was 

performed only on treated larvae. 

3.8 Statistical analysis 

Statistic analysis of results were performed using Graphpad Prism (GraphPad Software, 

Inc., California, USA) for the EEG data and R (R Core Team, Auckland, New Zealand) 

software for the tracking data using the one way ANOVA and unpaired t-test (student's 

t-test) respectively to calculate the statistical significance of the data. 

Statistical analysis was not undertaken for the MTC data as they were considered 

qualitative in nature. Raw data were displayed as means ± SEM (Standard error of the 

means). 

3.9 Plant extracts and drugs (substances) - test 

preparation 

For the exposure studies, 4 plant extracts and 7 drugs were chosen for testing on wild 

type AB zebrafish larvae at 2 dpf. Test substances were dissolved in embryo medium 

(E3) to prepare the test solutions the zebrafish were submersed in. Substances that 

could not be dissolved in plain E3 due to insolubility, at the desired concentrations were 

first dissolved in 100% DMSO before being diluted with E3. The final concentration of 

DMSO for the experiments was 1% w/vol, depending on their solubility. The plant 

extracts (P. incarnata, P. ginseng, C. sinensis, G. biloba) and Tetracycline were dissolved in 

1% DMSO before being diluted in E3, while the rest of the compounds were soluble in E3 

at the required concentrations. 1 ml test solution or control solutions were prepared for 

each individual well (5 larvae) of a 24-well culture plate. 
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4 Results  

4.1 Toxicological evaluation of tested substances 

 Determining maximum tolerated concentrations (MTC) 

The maximum tolerated concentrations (MTC) were first determined in order to 

determine the working concentration range to perform dilutions and to identify any 

compounds that could potentially provoke seizures at sub-lethal concentrations. The 

determined MTC of the different compounds are summarised in Table 4. For some of the 

compounds tested mild or no toxicity was observed even at the highest concentration 

tested and for others toxicity was observed even at the lowest concentrations. No 

definite MTCs were determined in these cases and seizure liability was instead 

measured at a set concentration for a given compound. All zebrafish controls and 

zebrafish vehicle controls for each of the tested compounds used in the MTC assessment 

looked normal and displayed no visible abnormalities. For the study, the effects of 

exposure to each of the compounds after a 24-hour period were analyzed using larvae 

starting at 2 days post-fertilization (dpf). No post-exposure effects were detected until 5 

dpf at the MTCs. 
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Drugs and natural products 

 MTC Mortality at the MTC 

C. sinensis 0.156 mg/mL 0% 

G. biloba 0.078 mg/mL 13% 

P. ginseng 0.020 mg/mL 0% 

P. incarnata 1.25 mg/mL 0% 

Acetylsalicylic acid 100 μM 0% 

Amiodarone 10 μM 0% 

Diclofenac 1 μM 0% 

Fluoxetine 0.05 μM 0% 

Paracetamol >5000 mM 13% 

Tetracycline 100 μM 0% 

Valproate <100 μM 0%  

Table 4. The maximum tolerated concentrations (MTC) of the tested substances. 

The empirically determined maximum tolerated concentration of each compound was 

obtained after exposure of zebrafish larvae to compound for 24 hours at 2 dpf. The MTC 

was determined after observing them until 5 dpf and the mortality determined at 5 dpf. 

Drug concentrations are expressed in molarity with μM, while plant extracts 

concentration are expressed as mass per unit volume with mg/mL, as each extract 

contains a complex mixture of compounds.     
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Camellia sinensis 

Using different concentrations ranging from 0.078 mg/mL- 5 mg/mL, C. sinensis extract 

(CSE, better known as green tea extract), zebrafish larvae were treated and observed for 

signs of compound-induced toxicity. The extract was dissolved in 1% DMSO as it was 

water insoluble at these concentrations without a solvent.  

In the lower concentrations, 0.078 mg/mL and 0.156 mg/mL, where all or most of the 

fishes survived, the extract was well tolerated and caused little to no unacceptable 

adverse effects.  The larvae were normal with no apparent dysmorphologies or 

abnormalities, except for being slightly less pigmented (melanocytes were more sparse 

than normal). At 3 dpf, larvae were slightly more active than controls, and were less 

responsive to light touches (forceps tip) - although not unresponsive but rather more 

tolerant of light touches. Larvae were more responsive after a slightly stronger touch 

stimulus was applied with the forceps and swam around normally of their own volition 

in general. Muscle spasms, possibly convulsions, were observed, but only at 3 dpf for all 

of the three lowest concentrations (0.078, 0.156 and 0.313 mg/mL), which were also all 

the concentrations where there were surviving fish. This warranted further study and 

EEG recordings were performed at 5 dpf  (0.156 mg/mL), but yielded no positive results 

with regard to epileptiform electographic activity. This may indicate that there was a 

neurological effect, but it was merely transient, as the effects were neither visually 

observed nor detected by EEG, after 3 dpf. The determined MTC for CSE was set to be 

0.020 mg/mL in zebrafish larvae at 2 dpf when exposed for 24 hours. 
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Figure 2. Concentration-dependent mortality of C. Sinensis treated zebrafish 

larvae after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 

standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of C. sinesinsis (n=30)  
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Ginkgo biloba 

Zebrafish larval tolerance to GBE was evaluated at seven different concentrations 

between 0.078 mg/mL and 5 mg/ml.  The extract was dissolved in DMSO due to water 

insolubility and diluted to a final concentration of 1% DMSO. The effects of the ginkgo 

biloba extract were very potent, resulting in only fish surviving at the lowest 

concentration tested.   

The ginkgo biloba extract did not cause any apparent dysmorphologies in the larvae 

apart from being slightly less pigmented (less density of melanocytes). Fish larvae 

treated with ginkgo biloba displayed seizure-like behaviour after washout of compound 

at 3 dpf  and displayed convulsions on and off about every 30 seconds for a minimum of 

2 hours (time period observed). Characteristics of seizure-like behaviour displayed 

included erratic swimming, whirl pooling, zig-zag jerky movements and muscle 

spasms/shaking in place (tremors). The behaviours were similar to those found in the 

study describing seizures observed in acute gingkotoxin-treated zebrafish larvae (Lee et 

al., 2012a). Convulsions were not observed after 3 dpf, when scored at 4 dpf and 5 dpf, 

and there was no epileptiform activity detected by EEG at 5 dpf or by locomotor tracking 

at 4 dpf, indicating the effect was most likely only transient. The determined MTC for 

GBE was set to be 0.078 mg/mL in zebrafish at 2 dpf when exposed for 24 hours.  
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Figure 3. Concentration-dependent mortality of G. Biloba in zebrafish larvae after 

24 hours of exposure at 2 dpf  

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 
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standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of G. biloba (n=30) 

 

Panax Ginseng  

A total of nine concentrations, from 0.020 mg/mL to 5 mg/mL, were tested to determine 

the MTC of P. ginseng extract (PGE) in zebrafish larvae at 2 dpf where embryo medium 

with 1% DMSO acted as vehicle control.  The P. ginseng extract was very potent, causing 

100% mortality in the concentrations higher than 0.039 mg/mL. However, in the lowest 

concentration (0.020 mg/mL), all larvae were normal with no signs of toxicity or 

abnormalities, when observed daily until 5 dpf. For the second lowest concentration 

(0.039 mg/mL) slight general opaqueness, possibly necrosis, was observed at 3 dpf, 

which disappeared by 4 dpf, but larvae at this concentration were slightly smaller in size 

compared to the controls. The larvae treated with this ginseng extract did not display 

any abnormal or seizure-like behaviour and no epileptiform activity was detected by 

EEG at 5 dpf for 0.020 mg/mL. PGE was therefore excluded from further analysis. The 

determined MTC for PGE was set to be 0.020 mg/mL in zebrafish at 2 dpf when exposed 

for 24 hours. 
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Figure 4. Concentration-dependent mortality of P. ginseng treated zebrafish 

larvae after 24 hours of exposure at 2 dpf 

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 
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standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of P. ginseng (n=30) 

 

Passiflora Incarnata 

Four concentrations, 0.625 mg/mL to 5 mg/mL, were evaluated to determine the toxic 

effects of the Passiflora incarnata extract. Concentrations up to 1.25 mg/mL were well 

tolerated by the larvae treated from 2 dpf, causing no mortality or abnormal phenotypes 

in the treated fish. Larvae treated with 0.625 mg/mL PIE did not exhibit tremors but 

appeared to be more alert than normal fish, but only at 4 dpf , and were swimming more 

in response to small disturbances (e.g. taps nearby) and light touches.  However, larval 

fish treated with 1.25 mg/mL PIE displayed tremors at 4 dpf and 5 dpf, but at 5 dpf the 

tremors were in comparison, much less frequent and appeared only in a subset of larvae.  

The larvae did not move much spontaneously compared to the controls, and were 

therefore not analysed further with automated locomotor activity tracking. However, 

EEG was recorded at 5 dpf, but the results showed no epileptiform activity - merely 

some hyperactivity in the brain. The determined MTC for PIE was set to be 1.25 mg/mL 

in larvae at 2 dpf when exposed for 24 hours. 
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Figure 5. Concentration-dependent mortality of P. incarnata treated zebrafish 

larvae after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 

standard error of the mean (SEM) equal to zero. Error bars that are not visible represent 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

0 1 2 3 4 5 

M
o

rt
al

it
y 

(%
) 

Concentrations (mg/mL) 

Mortality after exposure to Passiflora 
Incarnata 

3 dpf(%) 

4 dpf(%) 

5 dpf(%) 

0.00% 

10.00% 

20.00% 

30.00% 

40.00% 

50.00% 

60.00% 

70.00% 

80.00% 

90.00% 

100.00% 

0.625 1.25 2.5 5 

M
o

rt
al

it
y 

(%
) 

Concentrations (mg/mL) 

Mortality after exposure to P. incarnata 

3 dpf 

4 dpf 

5 dpf 



43 
 

standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentration of P. incarnata (n=30). 

 

Acetylsalicylic acid 

A total of eight concentrations ranging from 0.1 μM to 1 mM were tested to determine 

the MTC of Acetylsalicylic acid (ASA) in zebrafish larvae after a 24-hour exposure at 2 

dpf. The treatment consisted of ASA dissolved in embryo medium and embryo medium 

was used as media for the control groups.  The drug was well tolerated causing no major 

signs of toxicity or mortality up to a concentration of 100 μM ASA, when observed daily 

until 5 dpf. However, at 100 μM (MTC), the larvae displayed smaller yolk sacs, possibly 

due to quicker yolk sac resorption and were noticeably more active and alert as if 

"lighter " and displayed more curiosity, swimming around more in contrast to their 

peers in the control group. At concentration 250 μM, the highest concentration where 

there were a few remaining surviving larval fish, the larvae curved upwards and were 

smaller than normal. During observation, some larvae were displayed tremor-like 

movements at 250 μM ASA, but during the EEG recording for 100 μM ASA, no 

epileptiform activity could be detected.  The larvae treated with ASA were hence 

excluded from further analysis. The determined MTC for ASA was set to be 100 μM in 

zebrafish embryos at 2 dpf when exposed for 24 hours. 
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Figure 6. Concentration-dependent mortality of Acetylsalicylic acid treated 

zebrafish larvae after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 

standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of Acetylsalicylic acid(n=30) 
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Diclofenac 

Four concentrations, from 1 µM to 250 µM, were tested for Diclofenac toxicity in the fish 

larvae to determine the MTC. Zebrafish larvae in embryo medium acted as controls for 

the Diclofenac treated fishes as the drug was water soluble at these concentrations. The 

drug was quite potent and there were only surviving fishes at 5 dpf for the lowest 

concentration, 1 µM Diclofenac.  The fishes that died in the higher concentrations 

displayed morphological abnormalities, and had deformities such as lumpy eyes, hooked 

tails and were smaller in size than normal. They seemed to be hemorrhaging around the 

heart and yolk, and the yolks were darkened from necrosis. For the embryos treated 

with 1 µM Diclofenac, the fishes appeared normal morphologically with no signs of 

toxicity. The fish were generally behaving normally, but some displayed seizure-like 

behaviour and were swimming around wildly ramming into the sides of the wells, but 

this were only observed few times (1-2 times) during a 1-hour period. EEGs were 

recorded for the 1 µM Diclofenac treated larvae at 5 dpf and there were some signs of 

hyperactivity in the brain, but no epiletiform activity was detected. Further analysis was 

therefore not conducted. The MTC was determined to be 1 µM for Diclofenac treated 

zebrafish at 2 dpf when exposed for 24 hours. 

 



46 
 

 

 

Figure 7. Concentration-dependent mortality of Diclofenac treated zebrafish 

larvae after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 

standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of Diclofenac(n=30) 
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Paracetamol 

Ten different drug concentrations of paracetamol ranging from 0.1 μM to 1 mM were 

tested for the toxicological evaluation of paracetamol (APAP) in zebrafish larvae after 24 

hours exposure at 2 dpf. The drug was water soluble at the given concentrations and 

consisted only of APAP dissolved in embryo medium, purely embryo medium was thus 

used as media for the control groups.  The drug was relatively well tolerated causing 

little to no signs of toxicity or mortality up to the second highest concentration tested, 4 

mM APAP, when observed daily until 5 dpf. Although, the zebrafish treated with 

concentration 3 mM and higher displayed a slight grey darkening of liver, possibly some 

necrosis, and they were less pigmented, having less black spots covering their backs 

than normal (controls).  During the daily observations a few fish at concentration 4 mM 

and 5 mM displayed tremors when scored at 5 dpf, where convulsion occurred in 

slightly more fishes at the highest concentration than the lower. Otherwise, the 

surviving fishes demonstrated no abnormal behaviour or dysmorphologies, and were 

responding normally to touch.  Hyperactivity and increased swimming activity were not 

observed, making it unsuitable for our type of locomotor tracking. EEG was conducted 

on the fish treated with 5 mM at 5 dpf but yielded negative results for epileptiform 

activity, and were excluded from further analysis. The MTC could not be determined and 

was set as >5 mM in zebrafish at 2 dpf when exposed for 24 hours. 
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Figure 8. Concentration-dependent mortality of Paracetamol in zebrafish larvae 

after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue curve/column), 4 dpf (red curve/column) and 5 

dpf (green curve/column). The data are presented as means ± SEM of at least three 

independent experiments (triplicates). Error bars that are not visible represent 
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standard error of mean (SEM) equal 0. Total number of larvae used for each 

concentrations of Paracetamol (n=30). 

 

Amiodarone 

The zebrafish for this drug-treatment were exposed to four concentrations of 

amiodarone ranging from 1 μM to 250 μM,,that started from 2 dpf and lasted for 24 

hours. The survival rate and toxic effects were then evaluated daily until 5 dpf. 

Amiodarone was water soluble at these concentrations, hence only embryo medium was 

utilised for controls. There were no fatalities or abnormalities detected in any of the 

control groups when evaluated until 5 dpf. The highest concentration, 250 µM, was 

highly toxic for the zebrafish as 100% had died after a 24-hour incubation period. The 

second concentration, 100 µM, was also considered highly toxic, but the onset of death 

happened later than for 250 µM as they were all alive at 3 dpf. However, embryos 

treated with 100 µM amiodarone had weak or no touch response, displayed necrosis 

around the heart and had weak and slow heartbeat, and all died by 4 dpf. In contrast, the 

lower concentrations were well tolerated with no fatalities and little to no 

abnormalities. For 10 µM amiodarone, the larvae were observed to be less pigmented 

(less black spots) at 3 dpf than controls, but pigmentation was normal by 4 dpf. Slightly 

shorter length and moments with seizure-like behaviour (tremors, hyperactivity and 

into the sides of the wells) were observed in a few larvae at 4 dpf, but by 5 dpf they were 

no different from controls and the seizure-like behaviours had completely dissipated. 

The amiodarone treated larvae were not further analysed. 

 

Figure 9. Concentration-dependent mortality of Amiodarone in zebrafish larvae 

after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue curve/column), 4 dpf (red curve/column) and 5 

dpf (green curve/column). The data are presented as means ± SEM of at least three 

independent experiments (triplicates). Error bars that are not visible represent 
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standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of Amiodarone (n=30) 

 

Valproate 

Zebrafish were exposed to valproate at five different concentrations, ranging from 100 

µM to 1mM, at 2 dpf and lasted for 24 hours. Valproate was water soluble at these 

concentrations and embryo medium was used for the control groups. No abnormality or 

mortality was observed in the control groups. The drug caused no mortality at 

concentrations up 750 µM, but were observed to cause 100% lethality at the highest 

concentration tested,(1 mM) after 24 hours incubation. At concentrations 100 µM to 750 

µM larvae were observed to have abnormal phenotypes, but the 100 µM larvae only had 

partially inflated or uninflated swim bladders, a phenotype observed at all 

concentrations tested.  The abnormalities increased with higher concentration. The 250 

µM larvae had pericardial edema and slightly hunched back;, meanwhile at 500 µM and 

750 µM, deformities including bulging eyes, hunched/curved back and hooked tail were 

present. Larvae at 750 µM additionally displayed smaller head with eyes positioned 

abnormally far apart. The valproate treated larvae displayed abnormal behaviour 

including uncoordinated swimming, shifting direction up and down while swimming 

and tipping over and lying on their side at the bottom, from concentration 250 µM and 

up.  The larvae at 750 µM were observed to be convulsing, displaying tremors and 

twisting to its side,  at 3 dpf. Larvae exposed to a concentration of 100 µM and 250 µM 

were used for further analysis with EEG, 4 dpf and 5 dpf, and and locomotor tracking, 4 

dpf, which yielded positive epileptic activity.   
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Figure 10. Concentration-dependent mortality of Valproate in zebrafish larvae 

after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 

standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of Valproate (n=30-35). 
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Fluoxetin 

In the determination of the MTC for Fluoxetine, ten concentrations, ranging from 0.01 

µM to 1000 µM, dissolved in merely embryo medium were tested. After 24 hours of 

exposure from 2 dpf, all concentrations down to 250 µM caused 100% fatality in all of 

the drug treated groups when evaluated at 3 dpf. At concentration 100 µM, there were 

signs of seizure-like behaviour at 5 dpf including tremors and head jerking, and larvae 

displayed aberrant swimming patterns, zig-zagging, turning upside down and whirl 

pooling. However, at 100 µM too few larvae survived and the ones who did displayed 

necrosis of the yolk sac, smaller body size and deflated swim bladder due to the toxicity 

of the drug, making them unsuitable as an epilepsy model. The two lowest 

concentrations, 0.01 µM and 0.05 µM, however, were well tolerated with no signs of 

toxicity or abnormalities. The concentrations from 1 µM to 10µM fluoxetine were also 

relatively well tolerated, except for the manifestation of deflated swim-bladder, but the 

this was acceptable for further analysis with EEG. However, none of the concentrations 

lower than 100 µM demonstrated any seizure-like behaviour. EEG was recorded for 

concentrations at 10 µM, but yielded negative results in the detection of epileptiform 

activity at 5 dpf and were excluded from further behavioural analysis. The MTC was 

determined to be 0.05 µM for fluoxetine in zebrafish at 2 dpf when exposed for 24 hours. 
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Figure 11. Concentration-dependent mortality of Fluoxetine in zebrafish larvae 

after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue curve/column), 4 dpf (red curve/column) and 5 

dpf (green curve/column). The data are presented as means ± SEM of at least three 

independent experiments (triplicates). Error bars that are not visible represent 

standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of Fluoxetine (n=30-35). 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

0 50 100 150 200 250 

M
o

rt
al

it
y 

(%
) 

Concentrations (μM)  

Mortality after exposure to Fluoxetine  

3 dpf(%) 

4 dpf(%) 

5 dpf(%) 

0.00% 

10.00% 

20.00% 

30.00% 

40.00% 

50.00% 

60.00% 

70.00% 

80.00% 

90.00% 

100.00% 

0.01 0.05 0.1 1 10 100 250 500 750 1000 

M
o

rt
al

it
y 

(%
) 

Concentrations (μM) 

Mortality after exposure to Fluoxetin 

3 dpf 

4 dpf 

5 dpf 



54 
 

TetracyclineA total of three concentrations of tetracycline were tested to determine the 

MTC, including 1 mM, 2.5 mM and 5 mM, dissolved in 1% DMSO. The zebrafish larvae 

tolerated tetracycline relative well, showing no visible signs of toxicity or abnormalities 

in the two lowest concentrations, 1 mM and 2.5 mM, after 24 hours of exposure at 2 dpf. 

The surviving fishes all seemed normal when observed daily until 5 dpf, and did not 

display convulsions or seizure-like behaviour. Tetracycline treated fish was therefore 

not used for further analysis such as EEG or locomotor tracking. The MTC determined 

for tetracycline in 1% DMSO was set to be 2.5 mM in zebrafish at 2 dpf when exposed for 

24 hours. 

Note: There were tests conducted for lower concentrations of tetracycline in the initial 

experiment, but data were not included. The first experiment was conducted with four 

concentrations, 500 µM, 100 µM, 10 µM and 1 µM, dissolved in in 0.1% DMSO. 

Meanwhile, the second experiments with higher concentrations were dissolved in 1% 

DMSO due to solubility issues, and could therefore not be merged with the new data. The 

larvae in the initial experiment was not of interest to us as the larvae appeared to be 

completely normal without any observable signs of toxicity or abnormalities.   
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Figure 12. Concentration-dependent mortality of Tetracycline treated zebrafish 

larvae after 24 hours of exposure at 2 dpf. 

Mortality was measured at 3 dpf (blue), 4 dpf (red) and 5 dpf (green). The data are 

presented as means ± SEM of at least three independent experiments for the column 

chart and merely means for the line chart.. Error bars that are not visible represent 
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standard error of the mean (SEM) equal to zero. Total number of larvae used for each 

concentrations of Tetracycline (n=30). 

4.2 Microscope images 

Photomicrographs of zebrafish that tested positive for 

all the assays 

 

Figure 13. Zebrafish at 5 dpf (treated with 250 μM valproate) 

Zebrafish bright-field microscope images were taken at 5 dpf after being treated with 

valproate 250 μM at 2 dpf for 24 hours. Larvae were observed to display pericardial 

edema and uninflated swim bladders. 

 

Figure 14. Zebrafish at 5 dpf (treated with 100 μM valproate) 
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Zebrafish bright field microscope image was taken at 5 dpf after being treated with 

valproate 100 μM at 2 dpf for 24 hours. Larvae were observed to have un-inflated swim 

bladders.   

 

Figure 15. Zebrafish control at 5 dpf (raised in Embryo medium) 

Zebrafish microscope image was taken at 5 dpf. 

 

4.3 Automated Behavioural Tracking 

Automated behavioral tracking of was performed as zebrafish can display a range of 

locomotor behaviour in response to epileptic seizures, including hyperactive swimming, 

that can be quantified. The parametertotal distance travelled was quantified in this case.  

 

Gingko biloba - Locomotor activity tracking  

Zebrafish larvae treated for 24 hours with Ginkgo biloba extract at concentration 0.078 

mg/mL, from 2 dpf, showed more movement and significantly greater distance travelled 

compared to the vehicle controls (E3 with 1% DMSO) (p<0.05) (Error! Reference 

source not found.).   
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Figure 16. Total distance travelled of larvae treated with G. biloba.  

The total distance travelled was significantly greater for the ginkgo biloba treated larvae 

than their sibling controls. 

The larvae were tested at 3 dpf after 24 hours of treatment with G. biloba extract 0.078 

mg/mL The total distance traveled during a 1-hour period were recorded for larvae 

treated with ginkgo biloba (red column) and embryo medium (controls, blue column). 

The data are presented as standard error of the means ± SEM. The asterisks indicate 

statistical significance of the treated larvae compared to the controls, where " * " 

indicates statistical significance level p<0.05. Total number of larvae used for G. biloba 

(n=12) and controls (n=12). 

 

Valproate - Locomotor activity tracking 

The larvae treated with valproate, at concentrations 250 μM and 100 μM, for 24 hours 

from 2 dpf, both displayed  greater distance travelled than the vehicle controls (E3 with 

1% DMSO). However, only the results for larvae treated with 250 μM were statistically 
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significant (p<0.05), whereas the result for the larvae treated with 100 μM were not 

statistically significant(p>0.05)(Error! Reference source not found.).      

 

Figure 17. Total distance traveled of larvae treated with valproate (VPA). 

The VPA 100 μM larvae moved significantly more than the controls, but the VPA 250 μM 

did not display statistically significant difference from controls.  

Zebrafish embryos at 2 dpf were exposed to 250 μM or 100 μM valproate (VPA) for 24 

hours or embryo medium (controls) and locomotor tracking was conducted at 4 dpf for 

50 minutes.  

The 3 columns represent the different treatments administered to the larvae, which 

included controls in embryo medium (blue), valproate 250 μM (red) and valproate 100 

μM (green). The data are presented as standard error of the means ± SEM. The asterisks 

indicate statistical significance of the treated fish compared to the control fish, where "*" 

is indicates statistical significance level p<0.05. Total number of larvae used for 

Valproate 250 μM (n=12), Valproate 100 μM (n=12) and controls (n=10). 
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4.4 Electroencephalogram (EEG) recordings 

Epileptic seizures are characterised by excessive, abnormal hypersynchronous discharges 

in the brain (Bromfield et al., 2006). EEG detects electrical activity in the brain and 

displays them as wavy patterns, which can then be used to determine and quantify 

seizures.  

 

Valproate - EEG results - different concentrations  
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Figure 18. Number of seizures detected on EEG recording in larvae at 5 dpf. 

Zebrafish emrbyos at 2 dpf received treatment for 24 hours with valproate, 250 μM or 

100 μM, or embryo medium (controls) and EEG was recorded at 5 dpf. 

The 3 different columns represent the different treatments applied to the larvae, which 

included controls in embryo medium (pink), valproate 250 μM (orange) and valproate 

100 μM (olive). The data are presented as means ± SEM. The asterisks indicate statistical 

significance of the treated groups compared to the control group, where " * " is indicates 

statical significance level p<0.05 and " ** " indicates higher statistical significance, 

p<0.01. Total number of larvae used per parameter: Valproate 250 μM (n=6), Valproate 

100 μM (n=14) and controls (n=8). 
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Valproate - EEG results - different days  
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Figure 19. Number of seizures detected in EEG recordings at 5 dpf and 4 dpf in 

zebrafish larvae treated with valproate 100 uM for 24 hours at 2 dpf. 

The larvae were exposed to valproate 100 μM at 2 dpf and EEGs were recorded at 5 dpf  

(pink column) and 4 dpf (orange column). The data are presented as means ± SEM. Due 

to an experimental mishap controls for 4 dpf fish were not recorded. Total number of 

larvae used for Valproate 100 μM at 4dpf (n=9) and 5 dpf (n=14). 

The number of seizures seem to be sustained even at 5 dpf and do not appear to have 

lessened.  

Due to an experimental mishap, the controls for the 4-dpf larvae treated with valproate 

100 μM were not recorded. Data for the EEGs where no epileptiform activity was 

detected are excluded, and the only treatment where larvae were detected to display 

seizures was for valproate. Results show significantly more seizures in treated larvae 

compared to controls.  
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5 Discussion 

 To date, there is a wide variety of drugs available in the treatment of epilepsy with the 

introduction of new antiepileptic drugs (AED) in the last few decades, and more novel 

AEDs being developed or in preparation to hit the market (French and Gazzola, 2011). 

Nevertheless, the efficacy of the new drugs has not shown much improvement to its 

predecessors in the treatment of epilepsy as most of them work through similar 

mechanisms (Löscher et al., 2013, Löscher, 2011). The maximal electroshock seizure 

(MES) and the acute pentylenetetrazole (PTZ) assay are the main screening models for 

AEDs and have been for the past 6 decades, which at this rate, may only contribute to the 

discovery of similarly acting drugs (Löscher, 2011). Novel compounds or substances 

such as chemical inducers, new targets and models, might improve upon this bottleneck 

in progress for epilepsy treatment. In this study, a new approach was used to test a wide 

array of different drugs and substances, in an attempt to simulate traumatic brain injury 

and induce neurodevelopmental defects that could ultimately lead to recurring 

spontaneous epileptic seizures in zebrafish larvae. These new model/s could then be 

utilised to study the pathogenesis of the early steps from initial trauma to the first 

seizure and eventually, recurring seizures (epilepsy). 

Most of the results of the EEG assay, which was used to determine epileptic seizure 

activity, were negative for almost all of the substances and compounds tested with the 

exception of valproate. In spite of this fact, several of other substances indicated seizure-

like behaviour in the toxicological evaluation and/or locomotor activity tracking assay. 

This could be due to the seizure-like behaviour being, as the name indicates, merely 

"seizure-like", or it could simply not be epileptic in nature - e.g..a psychogenic non-

epileptic seizure (PNES) that can occur even in the absence of abnormal electrical 

activity.  Another plausibe explanation is that the EEG recordings were carried out at in 

a time window when the larval zebrafish were not seizing or because the treatment 

caused acute epileptic seizures that were not maintained until 5 dpf. This could possibly 

be due to insufficiently high enough concentrations to cause neurotoxicity that could 

induce chronic epileptic seizures.  Too low concentration would be a particularly viable 

reasoning for GBE, CSE, PIE and fluoxetine, as they displayed seizure-like behaviour that 

decreased and dissipated over time, or decreased or were not present at lower 
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concentrations. At higher concentrations, where stronger seizure-like behaviour or 

seizures were demonstrated, could not all be tested due to overall general embryo 

toxicity.  For instance in the toxicological evaluation of fluoxetine, seizure-like behaviour 

was displayed at a high concentration, but was excluded from EEG testing due to 

unacceptable toxic effects. However, further research on these compounds as chronic 

models is still possible, by limiting the exposure to other areas than the brain via a 

different administration route. In this study, embryos were completely immersed in the 

test solutions, increasing the risk of peripheral toxicity as the entire animal was exposed. 

Thus, to limit the toxicity to primarily to the brain in the future, the test solutions can be 

injected intravenously or directly into the brain instead, possibly reducing the toxicity to 

allow for embryo survival and normal morphology.  

Ginkgo biloba extract indicated the strongest and most apparent seizure-like behaviour 

among the test substances. With regard to some GBE extperiments that with negative 

results this could be due to the extract being highly unstable.  Ginkgotoxin, a constituent 

of ginkgo biloba has been shown to cause acute seizures in zebrafish larvae in a previous 

study. However EEG were not assessed, therefore warranting further study to confirm 

true seizure induction.(Lee et al., 2012a). G. biloba ingestion has been reported to induce 

seizures in humans with slight changes detected in the EEG recordings from these 

patients indicating that it can indeed cause epileptiform activity (Jang et al., 2015). The 

EEG assay was also conducted at a later time point ( at 5 dpf), than when seizure were 

observed during the MTC (at 3 dpf) and was prepared from an aliquot (in 100% DMSO) 

stored in a freezer after opening the original vial.  

The larvae treated with the test solutions prepared from the aliquot displayed 

convulsions less frequently and for a shorter period than those treated with test 

solutions prepared for the first tests. The experiments were repeated in case of some 

practical error, but the effect of the GBE remained reduced. This may indicate that the 

compounds in the extracts have low stability, and that the activity was jeopardised after 

introduction of oxygen to the sample upon initial opening. The quality and stability of 

the extract could not be assured by the supplier after opening the container, and they 

did not have data on its stability when stored after opening or storage as aliquots. 

Whether adding inert gas could be an option was not explored. Due to time constraints 
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new experiments could not be conducted with new extracts purchased from the vendor, 

but this may be further explored in future studies. 

The results of this study demonstrate that valproate (valproic acid) is able to induce 

sustained recurrent spontaneous epileptic seizures in zebrafish larvae, when embryos 

are exposed during early developmental stages. The seizure-like behaviour was 

observed from the first day after exposure to the AED (3 dpf) and lasted throughout the 

experiment (two days after end of drug exposure). Epileptic activity was confirmed with 

positive visual observation of seizure-like behaviour, significantly increased locomotor 

activity recorded with automated behavioural tracking (for 100 µM VPA), and 

epileptiform activity, ictal-like discharges causing high amplitude spikes, when assessed 

with EEG recordings.  

Locomotor activity increase was observed to be statistically insignificant at 250 µM VPA, 

but as the results wer positive in the EEG assay. This may be explained by the possibility 

that zebrafish larvae had reached seizure stage 3, the equivalent of status epilepticus in 

rodents and humans, where whole body stiffening is often dispayed and when zebrafish 

larvae also lose their posture (ability to balance and remain upright). The zebrafish 

larvae may have also been exhibiting clonic-like seizures or the equivalent of absence 

seizures at this higher concentration, - movements that are too subtle to videotrack. The 

number of seizures from the EEG assay of valproate at 4 dpf and 5 dpf were sustained, 

indicating that the brain damage caused by high doses of VPA at an earlier 

developmental time point, followed by daily washout with embryo medium, was not 

reduced. Due to an experimental mishap no controls were recorded at 4 dpf for 100 µM 

VPA, but from previous experiments and experience, controls (in embryo medium) have 

not been observed to display seizures in prior experiments. As several people were 

involved in the experiment, the  margin of error increased due to human factors. The 

number of seizures at 4 dpf (100 µM VPA) was hence only used to compare with 100 µM 

VPA at 5 dpf, as an indication of whether seizures were sustained, and the statistical 

significance was not analysed.     

This finding is especially interesting considering that valproate is an AED used in the 

treatment of epilepsy, and resulted in a surprisingly paradoxical effect that could instead 

contribute to the development of epilepsy. Valproate has been reported to exacerbate 
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seizure and has been associated with major teratogenicity in humans including severe 

malformations and  neurodevelopmental deficits. Although its been associated with 

neuropsychiatric disorders, its never been reported induce seizure in neither humans 

nor animals(Hill et al., 2010).  This calls for further research in animals and humans as 

this is a widely used AED that could have dire effects on many patients, especially young 

children where neurodevelopment is at its peak (Guerrini et al., 1998, Löscher, 2002b). 

Valproate´s mechanism of action has not been fully understood and induction of 

epileptic seizures has not previously been reported in the scientific literature, making 

this a completely new finding. Although the mechanism as to how valproate induces 

epileptic seizures has not been elucidated, its effect could be hypothesised to be 

associated with the known mechanisms and receptors responsible for its therapeutic 

action. Many AEDs have been shown to exert their pharmacological effects by 

stimulating GABA receptors through elevated GABA levels, or inhibiting sodium and 

calcium ion channel activity. The details underlying these mechanisms remain unknown 

(Löscher, 2002b). To date, research studies have indicated that the exhibited 

neurological therapeutic effect of valproate is partially due to its elevation of GABA 

levels in the brain, and the inhibition of voltage-gated ion channels, including sodium ion 

channels and calcium ion channels, which are believed to play a pivotal role in it 

neurological effects. (Ghodke-Puranik et al., 2013). Thus, the induction of seizures are 

most likely due to a combined dysregulation of all of these above-mentioned targets as 

they are also essential for normal brain function. 

Overexcitation of neurons can lead to neurotoxicity and neurodegeneration. During the 

early stages of life, when the brain is still developing, essential parts of the brain can, 

under these circumstances, become severely damaged. The CNS is particularly 

vulnerable to external influences during neurodevelopment as disturbances can disrupt 

proper development of the brain, and at 2 dpf, neurological systems associated with 

neurological disorders including seizures can already be established in zebrafish.  These 

damages will most likely be permanent and irrepairable, as it basically leads to brain 

neurodevelopment defects. This is hypothesised to be the generally idea of what caused 

the neurotoxicity that resulted in epileptic seizures in the zebrafish. A hypothesis of 

valproate's seizure-inducing mechanism of action is likely due to neuronal excitotoxicity 

as a result of overexcitation. Excessive activation of glutamate receptors over a 
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prolonged period of time can lead to excitotoxicity and neuronal apoptosis .as a 

consequence of a lack of available energy reserves and high levels of oxidative stress. 

(Mattson, 2008). Another proposed mechanism is by direct action of VPA on the ion 

channels, causing dysfunction and dysregulation of ion currents and neurotoxicity. 

(Löscher, 2002b, Chateauvieux et al., 2010, Ghodke-Puranik et al., 2013)  

At least two types of excitotoxicity have been linked to valproate and epilepsy. The first 

type, excitotoxic necrosis, involves excessive influx of sodium ions into the cell causing 

swelling and eventually lysis (Mattson, 2008). The second type, excitotoxic apoptosis, is 

characterised by enhanced influx of calcium ions causing mitochondrial calcium 

overload resulting in activation of apoptosis pathways (Furukawa et al., 1997, 

Kawamata and Manfredi, 2010, Mattson, 2008).  These mechanisms are potentially what 

caused the brain damage that resulted in epileptic seizures in this study. However, these 

proposed MOAs will have to be proven through further experiments and could still 

potentially uncover other novel mechanisms as well. 

Valproate is one of the most commonly used drugs in the treatment of epilepsy, 

(especially in paediatric epilepsy patients), for its broad therapeutic profile, and earlier 

presumed well-tolerated and generally good safety profile (Ghodke-Puranik et al., 

2013). It is however, contraindicated in female epilepsy patients during pregnancy as it 

has been shown to cause teratogenicity(Alsdorf and Wyszynski, 2005). It remains to be 

seen if the results of this study, which was performed in zebrafish larvae could be 

expected to have similar effects on human fetuses, Further studies are clearly warranted 

to determine potential effects in humans and a comparative study on the effects of 

Valproate on rodent embryos and pups is planned. 

In summary, valproate treatment of zebrafish at 2 dpf can cause recurrent spontaneous 

seizures at least until 5 dpf, with no signs of reduction from day 4 to day 5. The 

sustained effect indicates that valproate may be used as a chronic epilepsy model as well 

as a model of epileptogenesis, but may require studies beyond day 5 to confirm whether 

the effect is truly chronic. A valproate epilepsy model can offer several benefits as they 

display behavioral and physiological phenotypes that can be quantified with EEG and 

high-throughput drug screening through automated locomotor activity tracking. As a 
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novel model, new mechanisms may also be elucidated that can help us improve our 

understanding of the development of epilepsy and other related disorders. 
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6 Conclusions 

In conclusion, our findings demonstrates that recurrent spontaneous epileptic seizures 

can be induced in zebrafish by valproate. The valproate induced novel seizure model 

presented a range of behavioural and electrophysiological traits typically elicited by 

epileptic seizures. A number of these traits, including hyperactive swimming and 

abnormal brain activity, are suitable for quantification and could be useful for drug 

screens if the model is validated. The study displayed that spontaneous recurrent 

seizure were sustained for the duration of the study, but longer studies are required to 

verify the long term effects and if the seizures persist.    

Further studies are needed to determine the validity of the model and to determine if it 

could be a model of epileptogenesis. This includes drug screens with antiepileptic effect, 

to determine if antiepileptic treatments can normalize or attenuate the behavioural and 

electrophysiological effects of the valproate treatment. Examination of the physiology, 

particularly the neurophysiology,  of the zebrafish are also required to establish the 

overall effects on the larvae, and perhaps to investigate additional clinical indications of 

epilepsy.  

If verified and characterised as a model of epileptogenesis, it offer the possibility to 

study how epilepsy develops and the possibility for high-throughput drug screens.       
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